folded molecules decreases, there is a corresponding increase in the number of folded molecules ( Fig. 2A) , and eventually the distribution converges to its equilibrium form at the final concentration of denaturant. The positions of the peaks, however, remain constant, indicating that the average end-to-end distances of the molecules in the subpopulations do not change significantly during the course of the reaction. This is the behavior expected for a two-state system, as inferred for this protein from ensemble methods (13, 14). The fidelity of the technique for measuring accurate kinetics is demonstrated in Fig.  2B , which shows that nearly identical folding rates are obtained from single-molecule data and ensemble stopped-flow measurements.
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Whereas the peak positions are constant during the folding reaction, the mean FRET efficiency of unfolded molecules is shifted from 0.51 in the presence of 4 M guanidinium chloride (GdmCl) to 0.64 after mixing is complete and solution conditions are conducive to folding ( Fig. 2A) . The lower denaturant concentration after dilution results in more compact unfolded molecules, which exhibit higher FRET efficiency. For a Gaussian chain (16) , this shift would correspond to a decrease in the radius of gyration of about 20% (9) , which implies a halving of occupied volume. This reconfiguration is obviously complete by the time of the first observation at about 100 ms, consistent with ensemble measurements on other proteins that show collapse of unfolded molecules to be a submillisecond process (17) (18) (19) (20) (21) . It is noteworthy that qualitatively different signal changes result from collapse and folding. Collapse of the unfolded state causes a shift of the corresponding peak to higher efficiency, whereas folding increases the folded state population (represented by peak height) and depopulates the unfolded state. This permits separate observations of the two processes. In an ensemble FRET experiment, both collapse and folding would result in an overall increase of the transfer efficiency, and the respective contributions could be identified only indirectly by kinetic modeling.
The power of single-molecule measurements is in the ability to resolve and analyze the properties of subpopulations. The kinetic experiment presented here extends the scope of the technique so that such subpopulations can be studied under conditions far from equilibrium, where they exist only briefly. Experiments in the absence of flow have shown that unfolded Csp must reconfigure quickly relative to the observation time of about 1 ms (9) , in that no broadening of the measured energy transfer distributions was observed beyond that seen for rigid polyproline peptides. These equilibrium measurements were limited to solution conditions that resulted in sufficiently high concentrations of unfolded molecules. By transiently populating the denatured state with the microfluidic mixer, we can now extend the observations to denaturant concentrations that strongly favor the native structure and are therefore closer to physiologically relevant conditions. The present results ( Fig. 3) show that the unfolded peak width is constant to GdmCl concentrations as low as 0.5 M, indicating that, even though there is significant compaction of the unfolded state between 6.0 M and 0.5 M GdmCl, there is no increase in the reconfiguration time beyond the previously calculated limit of 0.2 ms (22) . We used a multiplexed approach based on flow-stretched DNA to monitor the enzymatic digestion of -phage DNA by individual bacteriophage exonuclease molecules. Statistical analyses of multiple single-molecule trajectories observed simultaneously reveal that the catalytic rate is dependent on the local base content of the substrate DNA. By relating single-molecule kinetics to the free energies of hydrogen bonding and base stacking, we establish that the melting of a base from the DNA is the rate-limiting step in the catalytic cycle. The catalytic rate also exhibits large fluctuations independent of the sequence, which we attribute to conformational changes of the enzyme-DNA complex.
Recent advances in single-molecule enzymatic assays have profoundly changed how biochemical reactions are studied (1) (2) (3) (4) (5) (6) (7) . With the removal of ensemble averaging, distribu-tions and fluctuations of molecular properties can be characterized, transient intermediates identified, and catalytic mechanisms elucidated. Here, we report a simple and multiplexed single-molecule assay for studying the mechanisms and dynamics of nucleic acid enzymes. Individual DNA molecules are attached at one end to a glass surface by a biotinstreptavidin linkage and at the opposite end to polystyrene beads by a digoxigeninantidigoxigenin linkage (8) . When a laminar flow is applied above the surface (Fig. 1A) , the DNA molecules are stretched by a force of 0.1 to 10 pN, proportional to the flow rate and the diameter of the polymer bead. The flow's parabolic velocity profile, with a zero flow rate at the surface, maintains the beads just above the surface. The glass surface is coated with poly(ethylene glycol) to minimize interactions with the beads and enzymes. The lengths of individual DNA molecules can be determined by tracking the positions of the beads with a charge-coupled device camera (1-nm precision of centroid positions). The Brownian motion of the bead in the transverse direction, perpendicular to the flow and parallel to the surface, conveniently serves as a calibration for the stretching force, F. According to the equipartition theorem, the bead's mean-square displacement ͗⌬x 2 ͘ in this transverse direction is re-lated to F by ͗⌬x 2 ͘ ϭ k B Tl/F, where k B is the Boltzmann constant, T is the temperature, and l is the length of the DNA (9).
We performed experiments on -phage DNA consisting of 48,502 base pairs with a B-form contour length of 16.2 m. Figure 1B shows the force-extension curves of a singlestranded DNA (ssDNA) and a doublestranded DNA (dsDNA) attached to a 2.0-m bead measured for the accessible range of flow rates (0 to 15 ml/hour). The data are consistent with previous reports (10) and the wormlike chain model (11) (Fig. 1B , solid line). The maximum attainable accuracy in the length measurement is determined by the amplitude of the Brownian motion of the bead in the direction along the DNA, characterized by a mean-square displacement of ͗⌬z 2 ͘ ϭ k B T/(‫ץ‬F/‫ץ‬z) (12) . At a typical force of 2 pN, ‫ץ‬F/‫ץ‬z for both dsDNA and ssDNA ( Fig. 1B) gives ͗⌬z 2 ͘ 1/2 Ϸ 10 nm. Instabilities in the flow and mechanical drift cause the accuracy to be ϳ20 nm on the time scale of seconds and ϳ100 nm on the time scale of hours.
The coiling of ssDNA makes it shorter than dsDNA at low stretching forces (Ͻ6 pN). Consequently, a conversion between dsDNA and ssDNA can be monitored by the variation of the DNA length at a constant stretching force (13) (Fig. 1B, arrow) . The number of nucleotides that are converted can be obtained from the difference in the length between ssDNA and dsDNA. The maximum force accessible with our method is less than that for optical tweezing (13) or magnetic trapping techniques (9) , but the simultaneous wide-field (200 by 200 m 2 ) observation of many DNA molecules substantially improves the data throughput and statistics.
We used this multiplexed single-molecule method to study the enzymatic activity of exonuclease, a 24-kD enzyme required for recombination in bacteriophage that degrades each strand of duplex DNA in the 5Ј to 3Ј direction. The enzyme catalyzes the hydrolysis of phosphodiester bonds in a highly processive manner (14) . The movement of exonuclease along the DNA is driven by the free energy release of hydrolysis and requires no cofactor other than magnesium. The x-ray crystal structure of exonuclease revealed a toroidal homotrimer (14) that presumably encircles the DNA substrate ( Fig. 2A ). Because exonuclease initiates digestion at a 5Ј terminus, our DNA substrate was designed so that only one such terminus is available to the enzyme (8), thereby preventing more than one enzyme molecule from acting simultaneously on a particular DNA.
While the sample cell was infused with a buffer containing 500 nM exonuclease, a subpopulation of the DNA decreased in length, indicating the enzymatic conversion of dsDNA to ssDNA. We examined about 500 DNA molecules, of which 44 were partially or completely digested. This low fraction is explained by the fact that the enzyme is a stable trimer that must open to load onto our DNA substrate, which lacks a free 3Ј end.
Once the digestion of DNA molecules began, we flushed the chamber with a buffer lacking exonuclease. Continued shortening in cases where digestion had started proved that single enzyme molecules are responsible for the processive digestion of DNA. The average processivity of exonuclease (the number of base pairs converted to ssDNA before dissociation of the enzyme) during the 44 observed digestion reactions was 18,000 Ϯ 8000 base pairs. The spatial distribution of dissociation events along the -phage DNA is discussed in the supporting online material text. The average rate of digestion was 32 nucleotides per second (nt/s) among all digestion trajectories, compared with rates of 18 nt/s (15) and ϳ1000 nt/s (16) previously measured with low-resolution single-molecule techniques. Ensemble assays gave a rate of ϳ12 nt/s (17) . Underestimation of the digestion rate from ensemble assays is not surprising, because the measurement is complicated by the broadly distributed en-zyme processivities, slow binding of the exonuclease with the DNA, and uncertainties about the number of enzyme molecules bound to each DNA. These complications are eliminated in single-molecule experiments.
Of the 44 observed digestions, 4 went to completion, with all 48,502 bases of one strand hydrolyzed. Figure 2B shows two of these trajectories, with the digestion rates as a function of template position depicted in Fig. 2C . The digestion rate exhibits large fluctuations during the processive degradation of dsDNA. The distributions of rates during these two full digestions of the DNA are shown in Fig. 2D . DNA molecules that were not being digested were simultaneously monitored as a control to rule out perturbations in the experimental conditions, such as variation in flow rate or mechanical instability, as a cause for the observed fluctuations ( Fig. 2B , black traces for both ssDNA and dsDNA). The fluctuations are not reproducible from trace to trace, with a low Pearson's correlation coefficient r of 0.15 Ϯ 0.05 for any two trajectories (18) . Because r is not distributed symmetrically about zero, a weak correlation must be present. One obvious source of such a correlation is the variation in the DNA sequence encountered by the enzyme.
Despite extensive studies (14, 17, 19) , the catalytic mechanism of exonuclease is not well understood. The enzymatic cycle consists of hydrolytic cleavage of a phosphodiester bond in DNA, translocation along the DNA, and melting of the 5Ј terminal base from neighboring bases (Fig. 3A) . However, the order of these events is not known. Hydrolysis of the phosphodiester bond is thermodynamically favorable, with a free-energy change of -5.3 kcal/ mol in the absence of enzyme (20) , which is expected to be largely independent of the identity of the nucleotides. In contrast, melting of the 5Ј-terminal base is expected to be sequencedependent, with the Gibbs free-energy change ⌬G°m elt having two sequence-dependent contributions. The first is the hydrogen-bonding free energy of a Watson-Crick base pair, which is different for an AT pair (two hydrogen bonds) than for a CG pair (three hydrogen bonds). The second contribution is the free energy of the base-stacking interaction between the 5Ј-terminal base and its neighboring base in the same strand, which depends on the identity of both bases. Figure 3B shows the free energies of base stacking (upper trace), hydrogen bonding (center trace), and the sum of the two (lower trace) along the known sequence of DNA (GenBank code NC_001416) (21, 22) . All curves are smoothed over 500 nt, roughly corresponding to the experimental resolution. The natural variation in the base content of -phage DNA gives rise to a distinct modulation of the average thermodynamic properties on experimentally accessible length scales. Even though the presence of enzyme might alter the free energies, it is reasonable to assume that their relative variation along the DNA remains the same.
The sequence dependence of the digestion rate suggests that melting of the base is the rate-limiting step in the catalytic cycle. This notion can be validated by calculating the variation of the digestion rate ⌬k(n) at template position n based on the variation in ⌬G°m elt (n) and comparing it with the observed rate. Considering that the variation of the activation barrier is proportional to the variation of ⌬G°m elt (n), ⌬⌬G°m elt (n), with a proportionality constant ␤, the Brønsted value (23), the variations in ⌬k(n) are given by ⌬k(n)/k(n) Ϸ (-1/ k B T)␤⌬⌬G°m elt (n) [derived in (8) ]. Figure 3C shows the average of the rate traces of the four full-length trajectories (black). The data are smoothed over 500 nt, which averages out the stochastic fluctuations of the digestion times for individual bases. The overlaid trace (green, ␤ ϭ 1.2) is the calculated rate fluctuation based on ⌬G°m elt (n) (Fig. 3B, lower trace) . The ex- perimental and calculated traces are closely correlated with a Pearson's correlation coefficient r ϭ 0.72. Lower r values are obtained when either the hydrogen-bonding or the stacking contribution alone is used to calculate ⌬k(n), indicating that both contributions are necessary to account for the observed fluctuations.
The structural similarity of the active-site regions of exonuclease and members of the Eco RV family of restriction endonucleases [in particular Eco RV and Pvu II (24) ] and the common requirement of Mg 2ϩ suggest that these proteins share a common catalytic mechanism. Catalysis of this class of restriction endonucleases is substrate-assisted in the sense that an oxygen of the phosphate to the 3Ј side of the scissile phosphate deprotonates a water molecule, creating the hydroxide anion that attacks the scissile phosphate (Fig.  3A, red arrows) . A motion of the scissile and the 3Ј neighboring phosphates toward each other is required for hydroxide generation (Fig. 3A , blue arrows) (25) . Molecular dynamics simulations on the active site of Pvu II have shown that this decrease in phosphorous-phosphorous distance is accompanied by a large local distortion of the DNA structure (25) , possibly coinciding with the disruption of Watson-Crick hydrogen bonds and base stacking. Although we could not experimentally resolve whether the ratelimiting base-melting step occurs before or after hydrolysis, these structural considerations allowed us to conclude that it occurs before hydrolysis. The presence of a melting step before hydrolysis has also been implicated for a different exonuclease (26) . Translocation of the enzyme to the next nucleotide is expected to follow and be driven by the hydrolysis.
Each of the four individual rate traces correlates only weakly with the calculated rate trace (average r ϭ 0.34 Ϯ 0.1), indicating that uncorrelated fluctuations mask the sequencedependent variation. We can distinguish the sequence-independent fluctuations ⌬k* in the enzymatic rate from the sequence-dependent modulations by subtracting the averaged rate trace (Fig. 3C , black trace) from the individual single-molecule traces (Fig. 2C) . The sequenceindependent fluctuations are analyzed by calculating the autocorrelation function of ⌬k*, C() ϭ ͗⌬k*(0)⌬k*()͘ Ϫ ͗⌬k*͘ 2 , where the data are evaluated as a function of time instead of nucleotide position (Fig. 4A, black trace) . The time scale of the decay directly indicates the time scale of fluctuations in the enzymatic rate.
A better fit of the measured C() with a stretched-exponential decay (Fig. 4A , blue trace, normalized 2 ϭ 0.76) than with a single-exponential decay (Fig. 4A , red trace, normalized 2 ϭ 2.29) suggests the presence of multiple time scales in the rate fluctuations. Previous single-molecule studies have already shown that a single enzyme molecule exhibits dynamic disorder (4)-large fluctuations in catalytic rate at a time scale comparable to or longer than the enzymatic cycleassociated with many long-lived conformers undergoing interconversion over a broad range of time scales (27, 28) . The existence of dynamic disorder in our system associated with conformational changes of the enzyme-DNA complex is also supported by the broad distribution of digestion rates at the beginning of the 44 digestion traces (Fig.  4B ). Static heterogeneity among individual enzyme molecules has been seen previously with time-resolved single-molecule experiments (29, 30) . Our time-resolved experiment shows that the initial distribution (Fig. 4B ) has a width comparable to the distribution of rates for a single enzyme (Fig. 2D) , indicating the existence of slowly interconverting conformers.
The multiplexed nature of our new assay and the natural variation of nucleotide composition in DNA allowed us to uncover the sequence dependence of the rate of DNA digestion by exonuclease from the more pronounced effect of dynamic disorder. This led to the identification of terminal-base melting as the rate-limiting step in the enzymatic cycle of exonuclease and the description of an enzyme as a dynamic entity without a constant catalytic rate, illustrating how singlemolecule assays can provide new insights into the catalytic mechanisms of enzymes. 
